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ABSTRACT 

A d e t a i l e d  i n v e s t i g a t i o n  has  been made i n t o  t h e  f a i l u r e  of  

pure  t i t a n i u m  and o f  a l p h a  and be ta  t i t a n i u m  a l l o y s  i n  me thano l i c  s o l u t i o n s  

t o  e l u c i d a t e  t h e  mechanism of  f a i l u r e .  

The Ti-5A1-5Sn-5Zr a lpha  a l l o y  f a i l s  by a g r a i n  boundary 

embr i t t l emen t  p rocess  which occurs  independent ly  of t h e  a p p l i e d  s t r e s s .  

The presence  o f  stress accelerates t h e  p r o c e s s ,  which is  cons ide red  as be ing  

l a r g e l y  e l e c t r o c h e m i c a l  i n  n a t u r e .  The t i m e  t o  f a i l u r e  of t h e  Ti-13V-llCr-3Al 

b e t a  a l l o y  v a r i e s  l i n e a r l y  w i t h  the  i n v e r s e  of t h e  a b s o l u t e  tempera ture .  

The a c t i v a t i o n  energy f o r  t h e  process  i s  o f  t h e  same o r d e r  as t h a t  determined 

f o r  t h e  d i f f u s i o n  of hydrogen i n  be t a  t i t a n i u m .  The e f f e c t s  of a c e t o n e ,  

methyl  e t h y l  ke tone  and a c e t i c  a c i d  a d d i t i o n s  t o  me thano l i c  s o l u t i o n s  have 

been shown t o  e x e r t  t h e i r  i n h i b i t i n g  e f f e c t  due t o  a condensa t ion  r e a c t i o n  

which produces water. The i n h i b i t i n g  e f f e c t s  of a l c o h o l s  , however , cannot  

be e x p l a i n e d  on t h i s  basis. 
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I n t r o d u c t i o n  

tl 

I '  

The p r o g r e s s  of t h e  past s i x  months i s  he rewi th  r e p o r t e d .  The 

ea r l i e r  work was p resen ted  i n  t h r e e  p rev ious  Semi-Annual P rogres s  Repor ts .  

A summary of p a s t  accomplishments of t h i s  program i s  p e r t i n e n t  a t  t h i s  

p o i n t .  

Surmnary 

The major p a r t  of these  i n v e s t i g a t i o n s  of  t h e  mechanism of 

stress c o r r o s i o n  c rack ing  of  t i t a n i u m  and i t s  a l l o y s  has  been c a r r i e d  o u t  

w i t h  f o i l  specimens 1/4" x 0.0025" t o  0.005" t h i c k .  Commercially 

produced a l l o y s  were used throughout .  Alpha- ,  a lpha+beta- ,  and 

b e t a - t y p e  a l l o y s  were inc luded .  

With methanol s o l u t i o n s  c o n t a i n i n g  somewhere between 0.1% and 

0.5% water and a t  least  a t r a c e  of C1-, exper imenta l  work has  shown t h a t  

a l l  t i t a n i u m  a l l o y  f o i l  would f a i l  w i t h i n  a f e w  minutes  t o  a few hours  

under a load  e q u i v a l e n t  t o  75-85% of t h e  y i e l d  s t r e n g t h .  T h i s  i n c l u d e s  

t h e  " p u r e s t f t  commercially ob ta inab le  t i t a n i u m .  Ti-6A1-4V a l l o y  r o d  samples 

conf i rmed t h e  r a p i d  f a i l u r e  t i m e s .  S u l f u r i c  a c i d ,  bromine, and t h e  i o n s  

B r -  and I'were a l s o  found t o  e f f e c t i v e l y  cause  f a i l u r e  of t i t a n i u m  a l l o y s  

i n  methanol  s o l u t i o n s .  The f o i l  would not  c r a c k  i n  more t h a n  500 hours  

w i t h  methanol  o r  methanol  and water a l o n e ;  b u t  w i t h  only  0.0001 N N a C l  

added,  a few ppm, f a i l u r e  would occur r e a d i l y .  When a g g r e s s i v e  i o n s  are  

p r e s e n t  i n  t h e  methanol  solut ions,somewhere between 1 /2  t o  5% water would 

p reven t  c r a c k i n g ,  t h e  amount depending p r i m a r i l y  upon t h e  q u a n t i t y  and 
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k i n d  of i o n s  p r e s e n t  as w e l l  as upon t h e  a l l o y  and  i t s  t r e a t m e n t .  With 

bromine p r e s e n t ,  more t h a n  20% water i s  necessary .  Cathodic  p r o t e c t i o n  

i s  a l s o  p o s s i b l e ;  on ly  s m a l l  c u r r e n t  d e n s i t i e s  produced s i g n i f i c a n t  

i n c r e a s e s  i n  f a i l u r e  t i m e s  f o r  a l l  a l l o y s  t e s t e d .  Anodic s t i m u l a t i o n  

decreased  t h e  t i m e  t o  f a i l u r e .  

There a re  some d i f f e r e n c e s  i n  t h e  s u s c e p t i b i l i t y  t o  stress 

c o r r o s i o n  c r a c k i n g  w i t h  m e t a l l u r g i c a l  v a r i a b l e s ,  e .g . ,  c o l d  r o l l e d  f o i l  

was more r e s i s t a n t  t o  a t t a c k  t h a n  f u l l y  annea led  f o i l .  N e v e r t h e l e s s ,  

m e t a l l u r g i c a l  v a r i a b l e s  appear  t o  b e  secondary as compared w i t h  t h e  

presence  o r  absence  of a g g r e s s i v e  ions .  

l i q u i d  methanol a l o n e  i s  not  a g g r e s s i v e  t o  t i t a n i u m ,  a t  least  f o r  t h e  t imes  

i n v e s t i g a t e d .  

i s  no i n d i c a t i o n  t h a t  t h e  s o l u t i o n s  were checked f o r  p o s s i b l e  traces of 

c h l o r i d e  contaminat ion .  

Others’ have confirmed t h a t  

There are  r e p o r t e d  f a i l u r e s  w i t h  m e t h a n o l ( * ~ ~ ’ ~ )  , but  t h e r e  

Crack propagat ion  r a t e s  f o r  Ti-6A1-4V a l l o y  were measured on 

b o t h  r o d  and f o i l  exposed t o  methanol -ch lor ide  s o l u t i o n s .  The v a l u e s  

o b t a i n e d  were similar and were comparable w i t h  t h o s e  found by o t h e r  

i n v e s t i g a t o r s  f o r  o t h e r  systems.  The ev idence  h e r e  sugges ted  t h a t  t h e  

c r a c k i n g  is  a stress c o r r o s i o n  mechanism. Anodic s t i m u l a t i o n  h a s t e n i n g  

f a i l u r e  would a l so  sugges t  a similar mechanism but  i n v o l v i n g  e l e c t r o c h e m i c a l  

c o n s i d e r a t i o n s .  However , t h e  i n v e s t i g a t i o n s  of t i t a n i u m  i n  methanol -ch lor ide  

s o l u t i o n s  wi thout  any a p p l i e d  s t r e s s  showed a marked d e t e r i o r a t i o n  of t h e  

f o i l .  Again,  t h e  c o l d  r o l l e d  f o i l  w a s  more r e s i s t a n t  t o  a t t a c k  t h a n  t h e  

f u l l y  annea led  f o i l .  Such evidence sugges ted  a n  i n t e r g r a n u l a r  c o r r o s i o n  

mechanism o r  perhaps stress a c c e l e r a t e d  c o r r o s i o n .  
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No c r a c k i n g  of t i t a n i u m  a l l o y  occurred  w i t h  e t h a n o l - w a t e r - c h l o r i d e  

or 2-propanol-water-chloride s o l u t i o n s  i n  500 hours  without  anodic  

s t i m u l a t i o n .  E l e c t r o d e  p o t e n t i a l  measurements ( f r e e  c o r r o s i o n  p o t e n t i a l s )  

confirmed t h a t  c r a c k i n g  would not  b e  expec ted  because of t h e  n o b i l i t y  o f  

t h e  metal s u r f a c e .  I n  c o n t r a s t ,  d imethylsu l foxide  w i t h  0.01 N HC1 r e a d i l y  

c racked  t i t a n i u m ;  but  i f  0.01 N NaCl was s u b s t i t u t e d  f o r  HC1,  99+% T i  f o i l  

d i d  not  break  i n  500 hours .  

Anodic poten t  ios ta t  ic curves i n d i c a t e d  e x c e s s i v e  e l e c t r o c h e m i c a l  

a c t i v i t y  on t h e  metal  s u r f a c e  when t h e  composi t ion  of  t h e  methanol s o l u t i o n  

was such  t h a t  s h o r t  c r a c k i n g  t imes were observed. When enough water w a s  

added t o  t h e  s o l u t i o n  s o  t h a t  no c racking  o c c u r r e d ,  t h e  maximum c u r r e n t  

d e n s i t y  w a s  s e v e r a l  o r d e r s  of magnitude less  t h a n  t h e  more a c t i v e  s o l u t i o n s ,  

s u g g e s t i n g  a p a s s i v a t i o n  o r  i n h i b i t i o n .  Open c i r c u i t  p o t e n t i a l s  were a l s o  

s u b s t a n t i a l l y  more noble .  

M a t e r i a l s  and Procedures  

Mater i a  1 s 

Two g r a d e s  of commercially pure  t i t a n i u m  and a number of 

commercial t i t a n i u m  a l l o y s  have been t e s t e d  main ly  i n  f o i l  form, 

approximate ly  0.003" t h i c k  and 1/4" wide. 

been r o l l e d  on a Sendzimir m i l l  and s h e a r e d  t o  1/4"-wide s t r i p s ,  c u t  

p a r a l l e l  w i t h  t h e  r o l l i n g  d i r e c t i o n  by a u t o m a t i c  s l i t t i n g  equipment a t  t h e  

m i l l .  

Ti-6A1-4V a l l o y  r o d s  have been t e s t e d ,  t h e  r e s u l t s  from t h e s e  being found 

i n  Semi-Annual P r o g r e s s  Repor ts  Nos. 2 and 3 .  The m i l l  composi t ions of 

The f o i l  w a s  o b t a i n e d ,  having 

Also ,  "puref '  t i t a n i u m  i n  sheet form, 0.016'' t h i c k ,  and 3/8" diameter  
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a l l  t h e  a l l o y s  i n v e s t i g a t e d  t o  da te  are  g i v e n  i n  Tab le  I. The t e n s i l e  

p r o p e r t i e s  of  t h e  a s - r e c e i v e d  m a t e r i a l  are found i n  Tab le  11, whereas 

t h e  t e n s i l e  p r o p e r t i e s  a f t e r  l a b o r a t o r y  h e a t  t r e a t m e n t s  a re  g i v e n  i n  

T a b l e  111. 

Although d e t a i l s  of t h e  a p p a r a t u s  and t e s t i n g  procedures  have 

a l r e a d y  been d i s c u s s e d  i n  Semi-Annual P rogres s  Repor ts  Nos. 1 and 2 ,  i t  

i s  f e l t  t h a t  a r ev iew would now be i n  o rde r .  

Heat Treatment  and T e n s i l e  T e s t i n g  

Heat t r e a t m e n t  was accomplished i n  a n  e l e c t r i c  r e s i s t a n c e  

f u r n a c e  a f t e r  f i r s t  s e a l i n g  t h e  specimens i n  vycor  t u b i n g  under a p a r t i a l  

p r e s s u r e  of  helium. The t e n s i l e  p r o p e r t i e s  i n  a i r  were ob ta ined  by 

t e s t i n g  on a n  I n s t r o n  T e s t i n g  Machine. The i n d i v i d u a l  v a l u e s  p re sen ted  

i n  T a b l e s  I1 and I11 r e p r e s e n t  an  ave rage  of a t  least  two specimens t e s t e d .  

F o i l  specimens were t e s t e d  as  114" s t r i p s  wi thout  a reduced  s e c t i o n .  

S o l u t i o n  P r e p a r a t i o n  

Reagent g rade  chemica ls  were used throughout  i n  t h e  p r e p a r a t i o n  

of  s o l u t i o n s ,  w i thou t  a d d i t i o n a l  p u r i f i c a t i o n .  The water c o n t e n t  of  t h e  

methanol  v a r i e d  from 0.01% t o  0.09% depending upon t h e  l o t .  The water 

used was f i rs t  d i s t i l l e d  and t h e n  passed  th rough  a commercial i o n  

exchanger ;  t h e  e l ec t r i ca l  c o n d u c t i v i t y  was of  t h e  o r d e r  of  6 x 10 -7  ohm-'/cm. 

Apparatus  f o r  T e s t i n g  F o i l  Specimens 

The a p p a r a t u s  w a s  designed t o  t e s t  t h e  f o i l  s t r i p s  i n  d i r e c t  

t e n s i o n  under deadweight l o a d  cond i t ions .  The environment w a s  con ta ined  
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around t h e  specimen i n  a polye thylene  b o t t l e .  

view of t h e  a p p a r a t u s  w i t h  t h e  a u x i l i a r y  equipment. To t h e  r i g h t  on t h e  

w a l l  are  10 c o u n t e r s  which record t h e  t i m e s  t o  f a i l u r e  of t h e  i n d i v i d u a l  

specimens.  The c o u n t e r s  a re  a c t i v a t e d  by microswi tches  s e e n  a t  c l o s e  

r a n g e  i n  F igure  2 .  

about  4" l o n g ,  a f te r  t h e  polye thylene  b o t t l e  h a s  been removed, and a loaded 

specimen t h r e a d e d  through a polye thylene  b o t t l e  c o n t a i n i n g  t h e  tes t  s o l u t i o n .  

The specimens are  clamped t o  straps on e a c h  s i d e  and t h e  t e n s i o n  a p p l i e d  

over  a b a l l  b e a r i n g  on one s i d e  with a deadweight.  

c a p a b l e  of t e s t i n g  p a r t i a l l y  immersed specimens,  as shown i n  F i g u r e s  1 and 

2 ,  by l o a d i n g  t h e  specimen i n  a v e r t i c a l  r a t h e r  t h a n  h o r i z o n t a l  p o s i t i o n .  

Nearly a l l  of t h e  specimens i n v e s t i g a t e d  i n  t h e  p r e s e n t  work were t o t a l l y  

immersed, however, and were loaded t o  85% of Y.S. u n l e s s  o t h e r w i s e  noted.  

F i g u r e  1 p r e s e n t s  a n  o v e r a l l  

Also  v i s i b l e  i n  F i g u r e  2 are  one of t h e  broken specimens,  

The a p p a r a t u s  i s  a l s o  

It is  a l s o  p o s s i b l e  t o  use a n  a l t e r n a t e  immersion t y p e  of 

t e s t i n g  by means of a g r a v i t y  feed system f o r  moving t h e  l i q u i d  i n  and 

o u t  of t h e  p o l y e t h y l e n e  b o t t l e  by a r e c i p r o c a t i n g  motion of a r e s e r v o i r  

of s o l u t i o n  (see extreme r i g h t ,  Figure 1). I n  r e s p o n s e  t o  t h e  timers, 

t h e  exposure and immersion t i m e s  of a specimen can be v a r i e d ,  as w e l l  as 

t h e  exposure/immersion r a t i o s .  

specimens can  be has tened  by u s e  of t h e  f a n  d i r e c t l y  above t h e  t e s t i n g  

a p p a r a t u s .  

f lowing s o l u t i o n s .  

The ra te  of d r y i n g  of  a l t e r n a t e  immersion 

The g r a v i t y  feed  equipment can  a l s o  be used f o r  r e c i p r o c a l l y  

To supplement t h e  t e s t i n g  a p p a r a t u s  as d e s c r i b e d  above, 

i n d i v i d u a l  machines were designed whereby t h e  specimen was loaded  through 

a l e v e r  a r m  arrangement.  T h i s  had s e v e r a l  advantages  i n  t h a t  t h e  
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machines were p o r t a b l e  and a l s o  the smaller weight  could  be  

? 

q u i c k l y  removed as n e c e s s a r y ,  f o r  example, i n  c r a c k  propagat ion  s t u d i e s .  

Specimen p r e p a r a t i o n  c o n s i s t e d  of c u t t i n g  a 4" l e n g t h  of t h e  

f o i l  and t h e n  c l e a n i n g  i t  w i t h  methyl -e thyl -ke tone ,  b e f o r e  t h r e a d i n g  it  

through a 1-1/4" diameter  po lye thylene  b o t t l e  which had two small s l i t s  

c u t  w i t h  a r a z o r  b lade .  The p o i n t s  of emergence of t h e  specimen from 

t h e  b o t t l e  were t h e n  c o a t e d  w i t h  epoxy, o r  i n  come cases w i t h  

s i l a s t i c  89Z-RTV a d h e s i v e  s e a l a n t ,  t o  prevent  leakage.  Next t h e  

specimen and b o t t l e  were clamped t o  t h e  removable s t r a p s  of t h e  t e s t i n g  

a p p a r a t u s  u s i n g  a j i g  which assured  al ignment  of t h e  s t r a p s  and specimen. 

The f o i l  specimen, clamp h o l d e r ,  and s t r a p s  were t h e n  a cont inuous  l i n e a r  

u n i t  and were mounted on t h e  frame of  t h e  t e s t i n g  a p p a r a t u s .  

E l e c t r o d e  P o t e n t i a l  Measurements 

A specimen o f  f o i l ,  1/2" l o n g ,  was degreased i n  methyl -e thyl -ke tone  

and t h e n  screw clamped i n t o  a Tef lon  h o l d e r  t o  make e l ec t r i ca l  c o n t a c t  w i t h  

a p la t inum wire l e a d .  The specimen p o t e n t i a l  w a s  measured w i t h  r e s p e c t  t o  

a s i l v e r l s i l v e r  c h l o r i d e  r e f e r e n c e  e l e c t r o d e ,  t h e  c o n n e c t i o n  t o  t h e  

c o r r o s i o n  c e l l  be ing  through a KC1 sa l t  b r i d g e  and a Luggin c a p i l l a r y  

(drawn t o  a v e r y  f i n e  h o l e )  placed i n  a f i x e d  p o s i t i o n  i n  f r o n t  of t h e  f o i l .  

The a s s e m b l e d  h o l d e r  was t h e n  immersed i n  t h e  tes t  s o l u t i o n ,  t h e  whole 

assembly,  i n c l u d i n g  t h e  r e f e r e n c e  e l e c t r o d e ,  being a l s o  immersed i n  a 

c o n s t a n t  tempera ture  b a t h  maintained a t  30" +, 1°C. 

Values of e l e c t r o d e  p o t e n t i a l  were measured as a f u n c t i o n  of 

t i m e ,  z e r o  t i m e  be ing  t a k e n  a s  the  moment of immersion of t h e  specimen i n  
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. 

t h e  test  s o l u t i o n .  A compensating d e v i c e  c o n s i s t i n g  of a mic ropo ten t  iometer  

and a s t a n d a r d  c e l l  conve r t ed  t h e  p o t e n t i a l  v a l u e s  d i r e c t l y  t o  t h e  calomel  

s c a l e ,  and t h e s e  v a l u e s  were measured w i t h  a 610B K e i t h l e y  e l e c t r o m e t e r .  

A schemat ic  c i r c u i t  diagram is shown i n  F igu re  3 ( a ) .  

Appl ied  Cur ren t  Measurements 

For t h e s e  measurements, a p l a t inum e l e c t r o d e  was p o s i t i o n e d  

112" from t h e  f o i l  i n s i d e  t h e  po lye thy lene  b o t t l e  c o n t a i n i n g  t h e  sample 

under load .  The e lec t r ica l  connec t ion  t o  t h e  f o i l  was made o u t s i d e  t h e  

b o t t l e .  Cur ren t  from a f i l t e r e d  D.C. power s o u r c e  w a s  s u p p l i e d  th rough  

a n  ammeter and a v a r i a b l e  r e s i s t o r  t o  t h e  p la t inum e l e c t r o d e .  

mic roswi t ch  and t iming  d e v i c e  were i n c o r p o r a t e d  i n t o  a s e p a r a t e  c i r c u i t  

t o  r e c o r d  t h e  t i m e  t o  f a i l u r e .  

A 

P o t e n t i o m e t r i c  Measurements 

The schemat ic  c i r c u i t  diagram f o r  t h e  p o t e n t i o s t a t i c  measurements 

i s  shown i n  F igu re  3(b)  and inc ludes  a n  Anot ro l  Model 4700 p o t e n t i o s t a t ,  

a v o l t m e t e r ,  s a t u r a t e d  calomel  e l e c t r o d e  b r i d g e ,  and working ce l l .  The 

l a t t e r  has  a volume of 750 m l  and i n l e t s  f o r  g a s  i n j e c t i o n ,  r e f e r e n c e ,  

a u x i l i a r y  and working e l e c t r o d e s .  The a u x i l i a r y  e l e c t r o d e  i s  p la t inum.  

The f o i l  specimen i s  mounted on a c y l i n d r i c a l  t a p e r e d  s t a i n l e s s  s tee l  

h o l d e r  w i t h  a t a p e r e d  T e f l o n  shea th  h o l d i n g  i t  on and p r e v e n t i n g  a c c e s s  

o f  t h e  s o l u t i o n  t o  a l l  bu t  a f i n i t e  area o f  t h e  specimen s u r f a c e .  The 

f o i l  specimen so mounted i s  under a n  e l a s t i c  bending stress. The h o l d e r  

arrangement  i s  f r e e  from s o l u t i o n  l e a k a g e ,  can  be r a p i d l y  assembled ,  and 

p rov ides  a s o l d e r l e s s  e l e c t r i c a l  c o n t a c t .  The h o l d e r  i s  mounted on a 

Stern-Makr ides5  assembly.  

F i g u r e  4. 

The p o l a r i z a t i o n  c e l l  i s  shown i n  d e t a i l  i n  
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Data were t a k e n  s t a r t i n g  a t  1 v o l t  c a t h o d i c  and proceeding t o  

1 v o l t  a n o d i c  i n  s t e p s  of  100 mV. The v a l u e s  of p o t e n t i a l  set  w i t h  

t h e  p o t e n t i o s t a t  were measured using a n  e x t e r n a l l y  connected vacuum t u b e  

v o l t m e t e r  t h a t  had been previous ly  c a l i b r a t e d .  Measurements of  c u r r e n t  

were t a k e n  5 minutes  a f t e r  t h e  adjustment  of  p o t e n t i a l .  A magnet ic  

s t irrer was used t o  g e n t l y  s t ir  t h e  tes t  s o l u t i o n  d u r i n g  a run .  

Experimental  R e s u l t s  and D i s c u s s i o n  

I n v e s t i g a t i o n  i n t o  t h e  Mechanism of F a i l u r e  of Ti-5A1-5Sn-5Zr i n  
Methanol i c  S o l u t i o n s  

F o i l  samples of t h e  a lpha  a l l o y ,  0.003" t h i c k ,  were t e s t e d  i n  

m e t h a n o l i c  s o l u t i o n s  u s i n g  t h e  experimental  p rocedures  as p r e v i o u s l y  

d e s c r i b e d .  The chemical  composi t ion and t e n s i l e  p r o p e r t i e s  are  g i v e n  

i n  T a b l e s  I and 11, r e s p e c t i v e l y .  . 

E f f e c t  of S o l u t i o n  Composition - Earlier work i n  t h i s  l a b o r a t o r y  

has  e s t a b l i s h e d  t h a t  methanol s o l u t i o n s  c o n t a i n i n g  small a d d i t i o n s  of 

HC1 o r  N a C l  are  c a p a b l e  of  c racking  t h e  a l l o y  when loaded  t o  75% Y.S. 

F i g u r e  5 shows t h e  c u r v e s  obta ined  i n  s o l u t i o n s  c o n t a i n i n g  0.01 N HC1 

and 0.01 N N a C 1 ,  p l o t t i n g  l o g  time t o  f a i l u r e  v e r s u s  l o g  volume percentage  

water i n  methanol.  It can  be seen t h a t  t h e  t i m e s  t o  f a i l u r e  g o  through 

a minimum and t h a t  a s u f f i c i e n t  water c o n t e n t  w i l l  i n h i b i t  t h e  c r a c k i n g  

p r o c e s s ,  a t  least  up t o  exposure t i m e s  of 500 hours .  The e l e c t r o d e  

p o t e n t i a l s  o f  u n s t r e s s e d  specimens,  measured 1 hour a f t e r  immersion, are 

a l s o  shown i n  F i g u r e  5 ,  from which t h e  i n h i b i t i o n  of  c r a c k i n g  i s  a p p a r e n t l y  

a s s o c i a t e d ,  a t  least  i n  p a r t ,  with t h e  i n c r e a s e d  n o b i l i t y  of t h e  m e t a l  

s u r f  ace. 
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Meta l log raph ic  examinat ion of f a i l e d  specimens r e v e a l e d  

s u b s i d i a r y  c rack ing  a long  t h e  exposed s e c t i o n ,  t h e  d e n s i t y  of c r ack ing  

be ing  g r e a t e r  t h e  lower t h e  water  c o n t e n t .  However a t  t h e  h i g h e r  water 

c o n t e n t s ,  t h e  i n d i v i d u a l  c r a c k s  were found t o  be  longe r .  I n  specimens 

which d i d  no t  f a i l ,  no c r a c k s  were found. I n  a l l  c a s e s ,  t h e  c r a c k s  were 

found t o  be  main ly  i n t e r g r a n u l a r  (F igu re  6 )  w i t h  ve ry  l i t t l e  o r  no 

de fo rma t ion  be ing  v i s i b l e  i n  t h e  g r a i n s  immediately a d j a c e n t  t o  t h e  

f r a c t u r e  edge. 

E f f e c t  of Applied S t r e s s  - By t e s t i n g  specimens a t  25%, 45%, 

and 9077 Y.S. ,  a n e s t  of cu rves  similar t o  t h o s e  shown i n  F i g u r e  5 were 

p l o t t e d  and are shown i n  F igu re  7 f o r  t h e  methanol  s o l u t i o n s  c o n t a i n i n g  

HC1. A s  expec ted ,  t h e  times t o  f a i l u r e  are  reduced  a t  t h e  h i g h e r  stresses 

as w e l l  as t h e  pe rcen tage  water  needed f o r  i n h i b i t i o n  be ing  s l i g h t l y  

i n c r e a s e d .  Also ,  t h e  p o s i t i o n  of t h e  minimum remains  f i x e d ,  w i t h i n  

expe r imen ta l  a c c u r a c y ,  independent ly  of t h e  stress, a g a i n  implying t h e  

s t r o n g l y  i n f l u e n c i n g  n a t u r e  of e l e c t r o c h e m i c a l  phenomena, a t  l e a s t  f o r  

c r a c k  i n i t i a t i o n .  

To f u r t h e r  i n v e s t i g a t e  the r o l e  of stress i n  t h e  c r a c k i n g  

mechanism, cu rves  were p l o t t e d  of a p p l i e d  stress v e r s u s  l o g  t i m e  t o  

f a i l u r e  f o r  s o l u t i o n  composi t ions  co r re spond ing  t o  t h e  minimum and t o  each  

s i d e  of t h e  minimum, F i g u r e  8. It can  be s e e n  t h a t  i n  t h e  r e g i o n  of 

t h e  y i e l d  stress,  where marked p l a s t i c  de fo rma t ion  would be expec ted  t o  

o c c u r ,  t h e r e  i s  a sudden r e d u c t i o n  i n  t h e  t i m e  t o  f a i l u r e .  A l so ,  t h e  

s o l u t i o n  producing t h e  minimum time t o  f a i l u r e  a t  75% Y.S. ( F i g u r e  5) 

i s  e q u a l l y  e f f e c t i v e  a t  a l l  app l i ed  s t r e s s e s ;  and f a i l u r e  can  occur  under 

s t r e s s e s  as small as 1077 Y.S. Therefore ,  i t  would appear  t h a t  a l t h o u g h  
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p l a s t i c  y i e l d i n g  produces a marked r e d u c t i o n  i n  t h e  f a i l u r e  time, it is  

not  a necessa ry  c o n d i t i o n  f o r  c rack  i n i t i a t i o n ,  a g a i n  s u g g e s t i n g  t h e  

predominance of some e lec t rochemica l  r e a c t i o n .  T h i s  s u g g e s t i o n  i s  

f u r t h e r  suppor t ed  by p l o t t i n g  curves similar t o  F i g u r e  8 i n  which, p r i o r  

t o  t e s t i n g ,  t h e  specimens were p r e - p l a s t i c a l l y  s t r a i n e d  0.5% and 2.25% 

(F igure  9). 

p r e s t r a i n  t h e  specimen r e c e i v e d ,  a l though  t h e  stress a t  which t h e r e  is 

a sudden r e d u c t i o n  i n  t h e  f a i l u r e  t i m e  i n c r e a s e s  s l i g h t l y  w i t h  t h e  deg ree  

of p r e s t r a i n .  

The shape of t h e  cu rve  i s  reproduced ,  independent  of t h e  

S u b s i d i a r y  tes ts  i n  which t h e  specimen was a l lowed t o  relax 

under  stress f o r  up t o  24 hours  p r i o r  t o  adding  t h e  s o l u t i o n  produced 

similar f a i l u r e  t i m e s  as when, more u s u a l l y ,  t h e  s o l u t i o n  w a s  added 

immediately a f t e r  t h e  specimen was s t r e s s e d .  

Crack Propagat  i on  Rates  - S t u d i e s  of c r a c k  p ropaga t ion  rates 

were made on t h e  a l l o y  i n  s o l u t i o n s  co r re spond ing  t o  t h e  minima and 

t o  each  s i d e  of t h e  minima i n  Figure 5. The d e t a i l e d  r e s u l t s  are shown 

i n  F igu re  10. A s  w e l l  as i l l u s t r a t i n g  a number o f  i n t e r e s t i n g  p o i n t s ,  

t h e y  p rov ide  a p o s s i b l e  exp lana t ion  f o r  t h e  occur rence  of t h e  minima i n  

t h e  t i m e s  t o  f a i l u r e  cu rves  wi th  r e s p e c t  t o  water c o n t e n t .  The main 

d i f f e r e n c e  between t h e  s o l u t i o n s  c o n t a i n i n g  N a C l  and HC1 appea r s  t o  be 

due t o  t h e  enhanced chemical  r e a c t i v i t y  of t h e  a c i d  s o l u t i o n  r e s u l t i n g  i n  

s h o r t e r  i n c u b a t i o n  times and higher c r a c k  p ropaga t ion  rates. The g e n e r a l  

t r e n d  i n  b o t h  s o l u t i o n s  appea r s  t o  b e  that  as t h e  water c o n t e n t  i s  

i n c r e a s e d , s o  t h e  c r a c k  propagat ion  rate is  g r a d u a l l y  reduced .  It must 

be p o i n t e d  o u t  t h a t  throughout  the w o r k , d i f f i c u l t y  w a s  o f t e n  encountered  
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i n  s o l u t i o n  composi t ions  on t h e  higher water 

i n  t h e  scatter as shown i n  t h e  t w o  c u r v e s  i n  

most impor tan t  r e s u l t  is t h a t  t h e  i n c u b a t i o n  

s i d e  o f  t h e  minimum, r e s u l t i n g  

F igu re  10. However, t h e  

times are found t o  go  through 

a minimum and t h i s  e f f e c t  more than o f f - b a l a n c e s  t h e  reduced p ropaga t ion  

r a t e ,  producing a minimum i n  t h e  t i m e  t o  f a i l u r e  curve.  Although t h e  

r e a s o n  f o r  t h e  occurrence  of t h e  minimum i n  t h e  i n c u b a t i o n  t ime is obscure  

a t  t h i s  t i m e ,  a p o s s i b l e  e x p l a n a t i o n  cou ld  be a f f o r d e d  by e l e c t r o c h e m i c a l  

c o n s i d e r a t i o n s ;  t h e  environment a t  t h e  minimum being  p a r t i c u l a r l y  f a v o r a b l e  

f o r  c r a c k  i n i t i a t i o n ,  l y i n g  between r e g i o n s  of g e n e r a l  c o r r o s i o n  and 

p a s s i v a t i o n .  

c o n c e n t r a t e  and accelerate a t t a c k  a t  t h e  stress c o n c e n t r a t i o n s  produced a t  

t h e  s i tes  of i n i t i a l  e l ec t rochemica l  a c t i o n .  

The r o l e  of t h e  e x t e r n a l l y  a p p l i e d  stress may t h e n  b e  t o  

F ree  Cor ros ion  Tests - A s  p r e v i o u s l y  mentioned,  t h e  c rack ing  

was c h a r a c t e r i s t i c a l l y  b r i t t l e ,  and, a p a r t  from t h e  actual c r a c k s ,  

m e t a l l o g r a p h i c  examinat ion  showed no s i g n s  of any chemical  a t t a c k  i n  t h e  

form of g e n e r a l  p i t t i n g  o r  s e l e c t i v e  c o r r o s i o n .  I n  f a c t ,  t h e  m e t a l  s u r f a c e  

remained i n  t h e  same c o n d i t i o n  as it  was p r i o r  t o  immersion, i . e . ,  b r i g h t  

and u n t a r n i s h e d .  To t r y  t o  unders tand  t h e  c o r r o s i o n  p r o c e s s e s  o c c u r r i n g ,  

t h e  behav io r  of t h e  a l l o y  under  f r e e l y  c o r r o d i n g  c o n d i t i o n s  i n  t h e  absence  

of a p p l i e d  s t r e s s  was s t u d i e d .  The e f f e c t s  of c o r r o s i o n  were 

a s c e r t a i n e d  from t h e  d e t e r i o r a t i o n  i n  t h e  t e n s i l e  p r o p e r t i e s  of t h e  a l l o y  

a f t e r  having been exposed t o  t h e  s o l u t i o n  f o r  v a r y i n g  times. 

s o l u t i o n  composi t ions  used were the same as t h o s e  used p r e v i o u s l y  t o  

de te rmine  c r a c k  p ropaga t ion  r a t e s  and t h e  r e s u l t s  are shown i n  F i g u r e s  11 

and 12. 

The 
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From t h e s e  g r a p h s ,  i t  i s  e v i d e n t  t h a t  t h e  a c i d  s o l u t i o n  i s  f a r  

more a g g r e s s i v e ,  p a r t i c u l a r l y  a t  the low water c o n t e n t s .  I n  f a c t  a f t e r  

100 hours  immersion i n  t h e  CH30H/0.01 N H C l / O . l %  H20  s o l u t i o n ,  i t  was 

imposs ib le  t o  handle  t h e  specimen wi thout  i t  d i s i n t e g r a t i n g .  On 

m e t a l l o g r a p h i c  examinat ion  of such specimens,  t h e  g r a i n  boundar ies  were 

found t o  have become d e l i n e a t e d  as we l l -de f ined  b l ack  l i n e s .  Due t o  

hand l ing ,  many rrcrackstI  were found, as shown i n  F igu re  13(a)  and ( b ) .  

I n  specimens examined a f te r  be ing  t e s t e d  t o  de te rmine  r e s i d u a l  

t e n s i l e  p r o p e r t i e s ,  ' r c racks t l  were found,  much t h e  same as  i n  specimens 

s t r e s s e d  wh i l e  immersed, i . e . ,  i n t e r g r a n u l a r ,  bu t  c o n t a i n i n g  a l o t  more 

a s s o c i a t e d  c r a c k i n g ,  F i g u r e  14(a)  ( c . f .  , Figure  6 ) .  A l so ,  whole g r a i n s  

were found t o  have f a l l e n  o u t  (Figure 14(b) ) .  From t h e  m e t a l l o g r a p h i c  

ev idence ,  i t  would appear  t h a t ,  r a t h e r  t h a n  c o r r o d i n g ,  e m b r i t t l i n g  would 

be a f a r  more r e a l i s t i c  and a c c u r a t e  d e s c r i p t i o n  f o r  t h e  e f f e c t  o f  methanol  

s o l u t i o n s  on t h e  a l l o y .  

F igu res  11 and 12 a l s o  show t h a t  t h e  t e n s i l e  p r o p e r t i e s  d e t e r i o r a t e  

uni formly  as t h e  water c o n t e n t  i s  i n c r e a s e d  and t h e  s o l u t i o n s  cor responding  

t o  t h e  minima i n  t h e  t i m e  t o  f a i l u r e  cu rves  do  not  cause t h e  most 

d e t e r i o r a t i o n .  T h e r e f o r e ,  i t  i s  apparent  t h a t  t h e  l a t t e r  s o l u t i o n s  have 

t h e i r  a t t a c k  g r e a t l y  enhanced only when t h e  specimens are  exposed under 

stress. 

The r e s u l t s  have s o  fa r  i n d i c a t e d  t h a t  i t  is not  necessa ry  t o  

have stress a c t i n g  c o n j o i n t l y  with c o r r o s i o n  t o  produce c rack ing  and tha t  

c r a c k i n g  can  be caused by apply ing  stress a f t e r  t h e  environment has  been 

removed. The r o l e  of t h e  a p p l i e d  stress i n  t h e  p re sence  of  t h e  s o l u t i o n  

appea r s  t o  be t h a t  of accelerating t h e  e l e c t r o c h e m i c a l  a c t i o n  by c o n c e n t r a t i n g  

it  a t  t h e  s i t e s  of i n i t i a l  a t t a c k  which subsequen t ly  ac t  as stress ra i sers .  
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E f f e c t  of Applied Curren t  - The hydrogen embr i t t l emen t  of 

t i t a n i u m  a l l o y s  i s  w e l l  known, and, t h e r e f o r e ,  t h e  p o s s i b i l i t y  a r i s e s  

t h a t  t h i s  might  be t h e  r e a s o n  f o r  t h e  f a i l u r e  of such  a l l o y s  i n  me thano l i c  

s o l u t i o n s .  T h i s  p o s s i b i l i t y  is  f u r t h e r  s t r e n g t h e n e d  by t h e  o b s e r v a t i o n  

t h a t  i n  specimens exposed t o  t h e  s o l u t i o n  under stress f o r  t imes s h o r t e r  

t h a n  t h e  i n c u b a t i o n  time, i . e . ,  be fo re  any c r a c k s  are v i s i b l e ,  t h e  t e n s i l e  

p r o p e r t i e s  have a l r e a d y  begun t o  d e t e r i o r a t e  (Table  I V ) .  The d e t e r i o r a t i o n  

of  t h e  p r o p e r t i e s  i n  e q u i v a l e n t  times wi thout  stress are a l s o  shown. 

Table  I V  

D e t e r i o r a t i o n  of T e n s i l e  P r o p e r t i e s  

0.2% O f f s e t  U l t i m a t e  

Exposure E longa t ion  S t r e n g t h  S t r e n g t h  
Y i e l d  T e n s i l e  

S o l u t i o n  S t r e s s  T i m e  % i n  2" KS I KS I 

None 15 min. 5 .2  113.5 147.0 

None 30 min. 4 .6  

75% Y.S. 15 min. 3.5 

CH30H + 0.01 N HC1 

-I- 0.1% H 2 0  

112.1 

118.8 

142.0 

142,O 

75% Y.S. 30 min. 2.0 114.9 122.5 

The r e s u l t s  a l s o  i l l u s t r a t e  t h e  f a c t  t h a t  t h e  c o r r o s i v e  effect  of  

t h e  s o l u t i o n  i s  enhanced by t h e  a p p l i e d  stress,  b e f o r e  any c r a c k s  a re  s e e n  

t o  form. 
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The c lass ica l  experiment  t o  d i s t i n g u i s h  

d i s s o l u t i o n  mechanism and hydrogen embr i t t l emen t  

between a n  a c t i v e  pa th  

has  been t o  i n v e s t i g a t e  

t h e  e f f e c t s  of  e x t e r n a l l y  a p p l i e d  anodic  and  c a t h o d i c  c u r r e n t s  on t h e  

t i m e s  t o  f a i l u r e  of s t r e s s e d  specimens. I n  t h e  p r e s e n t  case it  was 

found t h a t  a s m a l l  a n o d i c  c u r r e n t  was s u f f i c i e n t  t o  markedly r educe  t h e  

f a i l u r e  t i m e s ,  bu t  t h a t  h ighe r  anodic  c u r r e n t s  d i d  not  r educe  t h e  f a i l u r e  

t i m e s  f u r t h e r  (F igu re  15). When examined m e t a l l o g r a p h i c a l l y ,  t h e  specimens 

were found t o  c o n t a i n  a h igh  d e n s i t y  o f  main ly  i n t e r g r a n u l a r  c r a c k s ,  

bo th  edge and w i t h i n  t h e  f o i l .  Cathodic  c u r r e n t  d e n s i t i e s  up t o  

6 .5  mA/in prevented  f a i l u r e  i n  both t h e  s o l u t i o n s  c o n t a i n i n g  HC1 and  

N a C l .  The re fo re ,  i t  would appear  t h a t  t h e  a l l o y  f a i l u r e  r e s u l t s  from 

a n  a n o d i c  d i s s o l u t i o n  mechanism r a t h e r  t h a n  a hydrogen embr i t t l emen t  

mechanism. 

2 

It i s  of  i n t e r e s t  t h a t  i n  e t h a n o l  c o n t a i n i n g  s o l u t i o n s , n o  

f a i l u r e  r e s u l t e d  up t o  500 hours  exposure a t  75% Y.S. However, the  

a p p l i c a t i o n  of  a small anodic  c u r r e n t  was found t o  cause  f a i l u r e  i n  t i m e s  

comparable t o  t h o s e  i n  t h e  methanol ic  s o l u t i o n s  under e q u i v a l e n t  a n o d i c  

c u r r e n t s  (F igu re  15). 

The n e c e s s i t y  f o r  t h e  presence o f  methanol i n  promoting g r a i n  

boundary embr i t t l emen t  was shown by t e s t i n g  t h e  a l l o y  under s t ress  i n  

a 3.5% N a C l  aqueous s o l u t i o n .  I n  t h e  absence  of a p p l i e d  c u r r e n t s ,  no 

f a i l u r e  occur red  up t o  500 hours  exposure a t  75% Y.S. However when 

anod ic  c u r r e n t s  were a p p l i e d ,  t h e  specimens f a i l e d ,  t h e  t i m e s  t o  f a i l u r e  

s t e a d i l y  dec reas ing  as t h e  anod ic  c u r r e n t  was i n c r e a s e d  (F igu re  15). It 

is e v i d e n t  t h a t  t h e  shape  o f  t h e  curve i s  t o t a l l y  d i f f e r e n t  from t h o s e  
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f o r  t h e  me thano l i c  s o l u t i o n s .  

l a r g e  edge p i t s , a n d  i n v a r i a b l y  t h e  f a i l u r e  was found t o  have propagated 

from such  a p i t .  When examined m e t a l l o g r a p h i c a l l y ,  t h e r e  was found t o  

be a complete  absence  of c rack ing  and no i n d i c a t i o n  of g r a i n  boundary 

embr i t t l emen t .  It i s  concluded t h a t  t h e  mechanism of f a i l u r e  was main ly  

due t o  ove r load  c o n d i t i o n s  as a r e s u l t  of  t h e  r e d u c t i o n  of t h e  c r o s s - s e c t i o n a l  

area by t h e  p i t t i n g .  

The f a i l e d  specimens were found t o  c o n t a i n  

E f f e c t  of Heat Treatment - To f u r t h e r  i n v e s t i g a t e  t h e  mechanism 

of f a i l u r e ,  t h e  a l l o y  was h e a t  t r e a t e d  i n  a hel ium atmosphere a t  

t empera tu res  between 1000°F and 1600°F. Tab le  111 shows t h e  h e a t  t r e a t m e n t s  

and t h e  r e s u l t a n t  t e n s i l e  p r o p e r t i e s .  

Curves of a p p l i e d  s t ress  v e r s u s  time t o  f a i l u r e  f o r  a g i v e n  

s o l u t i o n  (F igu re  16)  were found t o  be  s imi la r  i n  shape  t o  t h e  cu rves  f o r  

t h e  a s - r e c e i v e d  material  , t h e  marked dec rease  i n  t h e  f a i l u r e  t i m e s  o c c u r r i n g  

a t  lower stresses probably because of t h e  lower y i e l d  s t r e n g t h s  of  t h e  

h e a t - t r e a t e d  material .  However, i t  i s  worthy of ment ion t h a t  f o r  a g iven  

stress t h e  times t o  f a i l u r e  do not d e c r e a s e  uni formly  w i t h  i n c r e a s i n g  

h e a t  t r e a t m e n t  t empera tu res  bu t  t h a t  t h e  1600°F and 1010°F h e a t  t r e a t e d  

specimens are more s u s c e p t i b l e  than t h e  1400°F h e a t  t r e a t e d  specimens.  

Using t h e  same h e a t  t r e a t m e n t s ,  t h e  v a r i a t i o n  i n  f a i l u r e  t i m e s  

w i t h  water c o n t e n t  of t h e  CH OH/O.Ol N HC1 s o l u t i o n  w a s  s t u d i e d  and t h e  

r e s u l t s  are  shown i n  F igu re  17 .  The r e l a t i v e  s u s c e p t i b i l i t i e s  t o  c rack ing  

are s e e n  t o  be  dependent upon t h e  water c o n t e n t  of t h e  methanol  as w e l l  as 

upon t h e  h e a t  t r ea tmen t .  Also ,  3% water is needed t o  i n h i b i t  c r a c k i n g  

i n  t h e  1010°F h e a t  t r e a t e d  specimens,  whereas 1.5% water i s  s u f f i c i e n t  f o r  

3 
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. 

a l l  t h e  o t h e r  s ta tes  of h e a t  t rea tment .  The r e a s o n  f o r  t h e  marked 

s u s c e p t i b i l i t y  induced by t h e  lOlOOF h e a t  t r e a t m e n t  i s  not  unders tood  

at p r e s e n t .  

A t  t h e  p r e s e n t  t i m e ,  i t  would appea r  t h a t  f a i l u r e  of t h e  

Ti-5A1-5Sn-5Zr a l l o y  occur s  by a g r a i n  boundary e m b r i t t l i n g  p rocess  

which t a k e s  p l a c e  i n  t h e  presence  or  absence  of  a n  e x t e r n a l l y  a p p l i e d  

stress. If  stress is a p p l i e d ,  t h e  e m b r i t t l i n g  p rocess  is a c c e l e r a t e d .  

The e f f e c t s  o f  e x t e r n a l l y  a p p l i e d  anodic  and c a t h o d i c  c u r r e n t s  would 

seem t o  imply t h a t  t h e  embr i t t l ement  i s  no t  due t o  hydrogen. The 

minima i n  t h e  t i m e s  t o  f a i l u r e  curves as  a f u n c t i o n  of  water c o n t e n t  a re  

r e l a t e d  main ly  t o  e l e c t r o c h e m i c a l  f a c t o r s  w i t h  r e s p e c t  t o  t h e  i n c u b a t i o n  

p e r i o d  f o r  c r a c k  i n i t i a t i o n .  A s u f f i c i e n t  water c o n t e n t  w i l l  i n h i b i t  

cracking, most probably  due t o  the  p a s s i v a t i o n  of the metal s u r f a c e .  

Although t h e  chemical  r e a c t i o n s  which a re  r e s p o n s i b l e  f o r  t h e  e m b r i t t l i n g  

p r o c e s s  are  no t  known, i t  i s  doubt fu l  whether t h e  phenomenon i s  one of  

stress c o r r o s i o n  c rack ing  i n  the c l a s s i c a l  s e n s e ;  and t h i s  would f u r t h e r  

l e n d  c r e d i b i l i t y  t o  t h e  f a i l u r e  of "pure" t i t a n i u m  i n  me thano l i c  s o l u t i o n s  , 

as g e n e r a l l y  "pure" metals a r e  not thought  t o  be s u s c e p t i b l e  t o  stress 

c o r r o s i o n  c rack ing .  

Effect o f  Organic  L iqu id  Addi t ions  t o  Methanol 

An e x t e n s i v e  i n v e s t i g a t i o n  was made w i t h  99+% T i  f o i l  (S206) 

comparing t h e  e f fec ts  of adding  water o r  c e r t a i n  o r g a n i c  l i q u i d s  t o  

methanol .  The c h l o r i d e  i o n  was added as HC1 i n  p r e f e r e n c e  t o  N a C l  

because  t h e  s o l u b i l i t y  of  N a C l  i n  most of  t h e  o r g a n i c s  of  i n t e r e s t  i s  

l i m i t e d .  F igu re  18 p r e s e n t s  t h e  r e s u l t s  f o r  t h e  water a d d i t i o n  a t  t h r e e  
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l e v e l s  of HC1 c o n t e n t .  The h igher  t h e  HC1 c o n t e n t ,  t h e  more water was 

n e c e s s a r y  t o  s t o p  t h e  c r a c k i n g  and t h e  deeper  was t h e  minimum i n  t h e  t i m e  

t o  f a i l u r e  curve .  T h i s  i s  similar t o  what has  been found f o r  o t h e r  a l l o y  

f o i l s  and noted  i n  Semi-Annual Reports Nos. 2 and 3 .  The water c a r r y - o v e r  

from t h e  HC1 a d d i t i o n s  l i m i t s  t h e  i n v e s t i g a t i o n s  of  lower water c o n t e n t s .  

The t i m e  t o  f a i l u r e  and cor responding  e l e c t r o d e  p o t e n t i a l  

measurements are  shown i n  F i g u r e  19 as a f u n c t i o n  of t h e  o r g a n i c  l i q u i d  

added t o  t h e  methanol.  The d a t a  p o i n t s  f o r  t h e  a l c o h o l s  and carbon 

t e t r a c h l o r i d e  f e l l  i n t o  a f a i r l y  narrow r a n g e  up t o  a t  least  60% of  t h e  

a d d i t i o n  and are r e p r e s e n t e d  as a band. The a l c o h o l s  were n o t  as e f f e c t i v e  

i n  p r e v e n t i n g  c r a c k i n g  of t h e  f o i l  as a c e t o n e ,  methyl e t h y l  ke tone  (MEK), 

o r  ace t ic  a c i d .  The e l e c t r o d e  p o t e n t i a l  measurements would p r e d i c t  such  

behavior .  

a t  least a few p e r c e n t  of  methanol p r e s e n t .  

I n  no i n s t a n c e  d i d  any c r a c k i n g  occur  w i t h i n  500 hours  wi thout  

Condensat ion r e a c t i o n s  can occur  i n  k e t o n e s  i n  the presence  of 

HC1 t o  form water  as one of t h e  products6.  

be p o s s i b l e  s o  t h a t  t h e  water  conten t  of s a n e  of  t h e  s o l u t i o n s  might n o t  

b e  less t h a n  about  0.1% as a n t i c i p a t e d  from t h e  r e a g e n t s  used i n  making 

t h e  s o l u t i o n s .  The t a b l e  below l i s t s  t h e  methanol  s o l u t i o n s  ana lyzed  f o r  

water  by t h e  Karl F i s c h e r  method. The samples were not  i n  c o n t a c t  w i t h  

t i t a n i u m .  The p e r c e n t a g e s  r e f e r  t o  volume: 

Other  r e a c t i o n s  might a l s o  
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% H,O 

Methanol + lo"/, Acetone + 0.01 N HC1 

Methanol + 10% Acetone + 0.01 N NaCl 

Methanol + 10% MEK + 0.01 N HC1 

Methanol + 10% MEK + 0.01 N N a C l  

Methanol + 10% Acetic Acid + 0.01 N HC1 

Methanol + 1077 Acetic Acid + 0.01 N N a C l  

Methanol + 0.5% A c e t i c  Acid + 0.01 N HC1 

Methanol + 20% n-Octyl Alcohol + 0.01 N HC1 

Methanol + 90% n-Octyl Alcohol + 0.01 N HC1 

1.18 

.088 

.485 

.113 

1.08 

.763 

.25 

. l o 9  

.092 

The water c o n t e n t  a lone  c a n  account  f o r  t h e  appa ren t  i n h i b i t i n g  

e f f e c t  of a c e t i c  a c i d ,  a c e t o n e ,  and MEK as shown i n  F igu re  19 and comparing 

w i t h  F igure  18. Add i t iona l  proof of t h e  e f f e c t  of water can  be seen  i n  

F igu re  20, which compared HC1 w i t h  N a C l  as a d d i t i o n s .  Note t h e  water 

c o n t e n t  d i f f e r e n c e s  f o r  10% MEK i n  t h e  t a b l e .  However, do a l c o h o l s  

prevent  c r ack ing  by any r e a c t i o n s  invo lv ing  water. It seems d o u b t f u l ,  

because t h e  amount of water i n  n -oc ty l  a l c o h o l  i s  about  t h e  same low water 

a t  20% and 90% ( s e e  t a b l e ) .  A t  the  20% n - o c t y l  a l c o h o l  l e v e l ,  t h e  f o i l  

was e a s i l y  c racked:  but t h e  f o i l  d i d  no t  c r ack  i n  500 hours  a t  t h e  9WL 

l e v e l .  The cu rves  f o r  2-propanol have similar shapes  whether N a C l  o r  

HC1 w a s  used (see F igure  2 1 ) ,  again i n d i c a t i n g  no r e a c t i o n s  invo lv ing  

water. 
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E f f e c t  of Temperature 

The dependence of t h e  time t o  f a i l u r e  on t h e  t e s t i n g  tempera ture  

was s t u d i e d  from 50°C t o  -45°C i n  methanol -water -ch lor ide  s o l u t i o n s  f o r  

t h e  Ti-13V-llCr-3A1 f o i l .  The specimens were s t r e s s e d  t o  75% of t h e i r  

y i e l d  s t r e n g t h  a t  t h e  t e s t i n g  temperature .  The minimum i n  t h e  c u r v e s  

o c c u r r e d  over  a more r e s t r i c t e d  range of water c o n t e n t s  as t h e  tempera ture  

was decreased  wi thout  much s h i f t  i n  p o s i t i o n  w i t h  r e s p e c t  t o  water; see 

F i g u r e  22. I f  t h e  s h o r t e s t  time t o  f a i l u r e  f o r  each  tempera ture  is 

p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  of t h e  a b s o l u t e  tempera ture ,  a s t r a i g h t  

l i n e  i s  o b t a i n e d ;  see F i g u r e  23. An a c t i v a t i o n  energy o f  6 .5  kcal /mole 

was c a l c u l a t e d  f o r  t h i s  thermal ly  a c t i v a t e d  p r o c e s s  from t h e  u s u a l  

Arrhenius  t r e a t m e n t  of  such  da ta .  The v a l u e  i s  r a t h e r  low f o r  a chemical  

p r o c e s s  but  does correspond t o  the  d i f f u s i o n  of hydrogen i n  b e t a  t i t a n i u m ,  

6.64 kca l /mole ,  as determined by Wasilewski and Keh17. A d d i t i o n a l  work 

i s  c u r r e n t l y  i n  p r o g r e s s  on t h e  99.5% T i  a l l o y  t o  see i f  t h e  a c t i v a t i o n  

energy  o b t a i n e d  would correspond with t h e  12.8 kca l /mole  v a l u e  o b t a i n e d  

f o r  a l p h a  t i t a n i u m  f o r  hydrogen d i f fus ion7 .  

Conclusions 

The fo l lowing  conclus ions  are based on t h e  work accomplished i n  

t h e  p e r i o d  December, 1967 through May, 1968. 

1. F a i l u r e  of  t h e  Ti-5A1-5Sn-5Zr a l p h a  a l l o y  i n  methanol ic  s o l u t i o n s  

o c c u r s  by a g r a i n  boundary e m b r i t t l i n g  p r o c e s s  which t a k e s  p l a c e  i n  t h e  

p r e s e n c e  o r  absence  of a n  e x t e r n a l l y  a p p l i e d  stress. I f  stress i s  p r e s e n t ,  

t h e  e m b r i t t l i n g  p r o c e s s  is a c c e l e r a t e d .  
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2. The minimum i n  t h e  t i m e  t o  f a i l u r e  curve  as a f u n c t i o n  of  water 

c o n t e n t  is r e l a t e d  mainly t o  e l e c t r o c h e m i c a l  f a c t o r s  w i t h  r e s p e c t  t o  t h e  

i n c u b a t  i o n  p e r i o d  f o r  c r a c k  i n i t i a t i o n .  

3. A t  t h i s  t i m e ,  t h e  chemical r e a c t i o n s  t h a t  are r e s p o n s i b l e  f o r  

t h e  g r a i n  boundary embr i t t l ement  process  are  n o t  known. It is d o u b t f u l  

whether t h e  phenomenon is  one of s t r e s s  c o r r o s i o n  c r a c k i n g  i n  t h e  c lass ica l  

s e n s e ,  and t h i s  would f u r t h e r  lend  c r e d i b i l i t y  t o  t h e  f a i l u r e  of pure  

t i t a n i m  i n  methanol i c  s o l u t i o n s ,  a s  g e n e r a l l y  "pure" metals are  n o t  thought  

t o  b e  s u s c e p t i b l e  t o  stress c o r r o s i o n  c r a c k i n g .  

4 .  The c r a c k i n g  of Ti-13V-llCr-3Al f o i l  i n  methanol -water -ch lor ide  

s o l u t i o n s  w a s  t empera ture  dependent and a n  a c t i v a t i o n  energy of 6.5 kca l /mole  

was obta ined .  T h i s  v a l u e  corresponds t o  t h a t  determined f o r  t h e  d i f f u s i o n  

of hydrogen i n  b e t a  t i t a n i u m .  

5.  The a d d i t i o n  of o t h e r  a l c o h o l s  o r  CC1 t o  methanol was found t o  4 
be i n e f f e c t i v e  i n  p r e v e n t i n g  c racking  of 99 +e L, T i  f o i l  i n  methanol -ch lor ide  

s o l u t i o n s  u n l e s s  a d d i t i o n s  of 80 t o  95% were made. The e f f e c t i v e n e s s  o f  

a c e t o n e ,  MEK and acet ic  a c i d  depended upon whether N a C l  o r  HC1 w a s  added. 

With a N a C l  a d d i t i o n ,  a c e t o n e  and MEK were no more e f f e c t i v e  t h a n  t h e  

a l c o h o l s .  With a HC1 a d d i t i o n ,  condensa t ion  r e a c t i o n s  i n  t h e  s o l u t i o n  

produced water which t h u s  a c t e d  as  t h e  i n h i b i t o r .  

I 

EGH : nm Fellow IY 
R:  6-12-1968 
T: 6-13-1968 
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Figure 6 Intergranular crack in Ti-5Al-5Sn-SZr, tested at 
75% Y.S. in CH OH + O.OlNNaC1 + 0.25% H20. 
Etched 250X 
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Figure 13 Intergranular disintegration in Ti-5A1-5Sn-5Zr, after 100 hrs. 
immersion in CH OH + O.OlNHC1 + 0.10% H 0 without stress. 
Unetched 80X 

3 2 



9 

Figure 14 Intergranular "cracking" in Ti-5A1-5Sn-5Zr tensile tested 
in air after 6 hours immersion in CH OH + O.OlNHC1 + 0.10% 3 
H20. 
Etched 160X 
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